Encoding quantum states in complex multiphoton fields can overcome loss during signal transmission in a quantum network. Transmitting quantum information encoded in this way requires that locally stored states can be converted to propagating fields. Here we experimentally show the controlled conversion of multiphoton quantum states, like "Schrödinger cat" states, from a microwave cavity quantum memory into propagating modes. By parametric conversion using the nonlinearity of a single Josephson junction, we can release the cavity state in ∼ 500 ns, about 3 orders of magnitude faster than its intrinsic lifetime. This 'catapult' faithfully converts arbitrary cavity fields to traveling signals with an estimated efficiency of > 90 %, enabling on-demand generation of complex itinerant quantum states. Importantly, the release process can be controlled precisely on fast time scales, allowing us to generate entanglement between the cavity and the traveling mode by partial conversion. Our system can serve as the backbone of a microwave quantum network, paving the way towards error-correctable distribution of quantum information and the transfer of highly non-classical states to hybrid quantum systems.
Encoding quantum states in complex multiphoton fields can overcome loss during signal transmission in a quantum network. Transmitting quantum information encoded in this way requires that locally stored states can be converted to propagating fields. Here we experimentally show the controlled conversion of multiphoton quantum states, like "Schrödinger cat" states, from a microwave cavity quantum memory into propagating modes. By parametric conversion using the nonlinearity of a single Josephson junction, we can release the cavity state in ∼ 500 ns, about 3 orders of magnitude faster than its intrinsic lifetime. This 'catapult' faithfully converts arbitrary cavity fields to traveling signals with an estimated efficiency of > 90 %, enabling on-demand generation of complex itinerant quantum states. Importantly, the release process can be controlled precisely on fast time scales, allowing us to generate entanglement between the cavity and the traveling mode by partial conversion. Our system can serve as the backbone of a microwave quantum network, paving the way towards error-correctable distribution of quantum information and the transfer of highly non-classical states to hybrid quantum systems.
A powerful way to tame complexity when scaling up a quantum system is to construct it as a network. Breaking up the whole into small, testable modules that are connected through well-defined communication channels reduces undesired crosstalk and minimizes the spreading of errors through the system. Therefore, quantum networks have been proposed for quantum information processing (QIP) [1] and it has been shown theoretically that there are favorable thresholds for quantum error correction for such modular architectures, even with noisy quantum communication channels [2] . Experiments with multiple platforms are currently underway to realize prototypes of quantum networks [3] [4] [5] . The key requirement hereby is the ability to interface quantum states stored and processed in network nodes with propagating states that connect the nodes.
Quantum continuous variables (CV) allow versatile and robust encoding of quantum information in higherdimensional Hilbert spaces. For instance, encoding quantum bits in CV systems can provide the redundancy required to enable quantum error correction [6] . NonGaussian CV states that could be used as QIP-enabling resources have been created experimentally in the states of ion motion [7] and atomic spins [8, 9] , as well as optical [10, 11] and microwave photons [12] [13] [14] [15] . In particular, microwave cavities in superconducting circuits have recently further enabled the storage [16] and protection [17] of quantum information encoded in non-Gaussian oscillator states. Using these locally stored states as resources in an error-protected, network-based QIP architecture hinges on the ability to interface them with traveling signals (Fig. 1a) . However, the controlled map- * wolfgang.pfaff@yale.edu ping of general multiphoton states between a CV quantum memory and traveling signals has so far remained an outstanding challenge.
Here, we experimentally demonstrate the controlled conversion of non-classical multiphoton states from a superconducting microwave cavity to propagating states. Using RF-controlled four-wave mixing in a single Josephson junction we are able to evacuate the cavity about 3 orders of magnitude faster than its natural lifetime. The field is coherently and efficiently upconverted in frequency, and released into a transmission line. This enables on-demand generation of traveling multiphoton quantum states of high fidelity. The excellent temporal control over the conversion process allows shaping of the emitted wavepacket. We use this capability to release only a part of the state stored in the cavity; this partial conversion creates entanglement between the stationary and traveling fields in multiple encodings, confirmed by the observation of non-classical correlations.
COUPLING STATIONARY TO PROPAGATING MICROWAVES
To enable communication between network nodes with multiphoton states, a coherent release must meet several important criteria. First, in order to enable distribution of quantum information with high fidelity we require a large 'on/off ratio'. In the 'off'-state the coherence of the memory must be preserved, while the 'on'-state allows fast, on-demand release. Further, successful communication requires faithful state mapping, independent of the number of photons. Thus, each photon in the memory should be removed, described by annihilation operatorâ, while creating an outgoing photon, described by the creation operatorb Figure 1 . Nodes in a quantum network using high-Q cavities as memories. a, We envision an architecture in which each node consists of a high-Q storage mode (â), an output mode (b) coupled to a transmission channel (bout) with a rate κout, and a nonlinear system -such as an atom (green) -that allows for a tunable coupling g(t) betweenâ andb. This coupling allows transfer betweenâ andbout, and thus transfer of states between nodes. b, 3D circuit QED implementation of a single node (schematic top view). The storage mode is the fundamental mode of a coaxial cavity (here, ωa/2π = 4.1 GHz). The output resonator is a λ/2 stripline resonator (here, ω b /2π = 10.0 GHz), fabricated on the same chip as a single-junction transmon (green) that couples capacitively to both modes. The chip is inserted through a waveguide tunnel. Strongly undercoupled input pins (left and middle) allow application of RF tones (envelopes shown schematically), and signals leaveb to a transmission line through an output coupler pin (here, κout/2π = 640 kHz). Qubit control and measurement tones are applied through the input port of the ouput resonator (Appendix). c, Coupling between the resonator modes is realized by tunable pump tones ξ1,2(t) that enable four-wave mixing through the transmon junction. Annihilation and creation of pump photons with frequencies ω1,2 result in upconversion fromâ tob if |ω1 − ω2| = |ωa − ω b |.
tion is effectively a 'beam splitter', with Hamiltonian H conv ∝âb † + h.c. Finally, shaping the wave packet is required to enable capture by a receiving node [18] and to generate entanglement; we therefore demand precise temporal control over the release process.
Several approaches have been used to map stationary onto traveling states in superconducting quantum circuits. Tuning the coupling between a superconducting artificial atom and an output mode allows the generation and shaping of single photons [19] [20] [21] [22] . Dedicated coupler elements such as flux-tunable couplers [23, 24] or parametric converters [25] have been used to release single photons and 'quasi-classical' Gaussian CV states. However, no such interface for non-Gaussian CV quantum states has been shown experimentally as of yet.
Our strategy for realizing an interface between arbitrary stationary and traveling multiphoton quantum states is sketched in Fig. 1a . We aim to couple a storage cavity mode,â, and an output mode,b, by a nonlinear element that enables photon conversion between them. This conversion could, for instance, be achieved with parametric amplifiers and converters [25] ; however, direct coupling of such an element to a long-lived quantum memory has not yet been shown. We instead couple the modes using a transmon artificial atom in the strongly dispersive regime of cavity QED [26] ; the single Josephson junction of the transmon provides the required nonlinearity, while preserving cavity coherence on the order of milliseconds [16] . Our experimental scheme is shown in Fig. 1b . A high-Q superconducting cavity and a low-Q output resonator that are strongly detuned (|ω a − ω b |/2π ≈ 6 GHz) are both coupled to the transmon. The output mode is further coupled to a transmission line mode,b out , with rate κ out = 1/250 ns, where the emitted signals are amplified and recorded (Appendix). This configuration enables a long memory life time, κ 0 = 1/450 µs, while still allowing for fast readout and control of arbitrary quantum states [27] .
Crucially, the nonlinearity induced by the transmon allows conversion of multiphoton states between the memory and output with a large on/off ratio. The Hamiltonian describing the coupling between the modes is given by [28] 
whereĉ is the annihilation operator for the transmon mode, E J is the Josephson energy, and φ i is the zeropoint fluctuation of flux associated with the respective mode. Because the cosine-coupling enables all four-wave mixing processes that conserve energy, we can create interactions between the strongly detuned resonator modes by applying pump tones. In particular, two pumps with a frequency difference matching the detuning of the resonators enable the conversion Hamiltonian
where the coupling g(t) = E J φ 2 a φ 2 b ξ * 1 (t)ξ 2 (t) can be controlled by the pump strengths ξ 1,2 (t) (Fig. 1c) . Note that the dressed transmon modeĉ does not directly participate in this conversion. From the output mode, photons converted fromâ tob leak into the transmission line. For g κ out , this results in an effective damping ofâ with rate κ = 4g 2 /κ out ; the fastest achievable damping is given by the bandwidth of the output mode, κ out , corresponding to a maximum on/off ratio of the decay that exceeds 10 3 (Appendix).
CAVITY EVACUATION
We first explore the maximum damping rate we can induce with pump tones of varying strength (Fig. 2a) . We prepare the Fock state |1 in the cavity, and then monitor the cavity population over time while applying the pumps. The pump frequencies are tuned on resonance with the conversion process of Eqn. 2 using ω a − ω 1 = ω b − ω 2 = 2π × (30 − 50) MHz. Increasing the pump strength allows us to tune the cavity energy decay rate from its intrinsic value of κ 0 = 1/0.45 ms to κ ≈ 1/0.5 µs for g/2π = 207 kHz, the maximum conversion rate achievable with the available pump power (Fig. 2b) . At this point, g ≈ 0.3 × κ out , and the decay becomes limited by the bandwidth of the output mode. We can thus use this "Q-switch" to evacuate the storage mode with an on/off ratio approaching 10
3 . This Q-switch is very close to an ideal damping of the memory. It cools the cavity close to the vacuum, with a residual population ofn 0.01, the noise floor of our measurement. We can therefore use the conversion as a fast reset, which is a useful tool for experiments with long-lived quantum memories [27, 29] . Further, the measured decay of the cavity population is in excellent agreement with predictions based on theory and independent calibrations of the pump strengths. This agreement, together with the absence of any significant heating in the system, suggests a very high conversion efficiency from the storage to the output mode. We estimate that the loss rate into undesired channels, κ loss , is about 0.01 × κ, corresponding to an expected inefficiency of the conversion of 1 − η conv ≈ 0.01 (Appendix).
We verify that the cavity evacuation is independent of the input state. We prepare larger Fock states and monitor the population of the input Fock state, P (n) (Fig. 2c) . For state-independent damping of a harmonic oscillator, with only a single-photon decay operatorâ, we expect the state |n to decay with a rate κ n = nκ. From exponential fits to the decay of P (n) we find very good agreement with this linear behavior (Fig. 2d) . For larger n we expect that κ n will gradually decrease due to the Kerr effect [14] . For n ≤ 5 we find a deviation of κ n from nκ 1 of ≤ 6%, and therefore state independence is a good approximation (Appendix). This can be improved further by reducing the magnitude of the Kerr effect through adjustment of sample parameters.
TRAVELING MULTIPHOTON QUANTUM STATES
To determine whether cavity states are mapped faithfully onto traveling signals we characterize the field emitted during conversion. We prepare a cavity state and record the field using heterodyne detection with a quantum-limited amplifier [30] (Fig. 3a) . The averaged in-phase signal, I(t) , from releasing a coherent state with average photon numbern = 1 is shown in Fig. 3b . Cavity damping by mode-conversion. a, Measurement scheme. After preparing the cavity in a Fock state, we monitor the population as a function of time for different pump strengths. The pump tones have constant amplitude in time, up to a smooth ring-up and ring-down. b, Decay of the single-photon state |1 . g/2π = 0 (circles), 25 kHz (squares), 54 kHz (diamonds), and 207 kHz (triangles). Solid lines: for g = 0, exponential fit, yielding the natural decay time; for g > 0, theoretical prediction based on independently calibrated pump parameters. For large g the decay is not simply described by a single exponential (Appendix). The last datapoint for the fastest decay shows the average and standard deviation for the residual cavity population, consistent with the vacuum state (P (1) = 0.01 ± 0.01). c, Decay of number states |n , with n = 1..5; g/2π = 54 kHz. Solid lines are single-exponential fits P (n) ∝ exp(−κnt). d, Extracted decay rates κn. Solid line is a linear fit to κ loss + nκ, where κ loss is the independently measured loss rate (Appendix).
Because the output mode has a finite bandwidth, we observe an exponential rise of the signal at rate κ out , followed by an exponential decay with the induced decay rate κ. The emitted signal clearly retains coherence with the cavity state, made visible as an oscillation by demodulating with a small detuning from the output frequency. Importantly, the amplitude of the oscillations is consistent with a high conversion efficiency from the cavity to the output mode. By calibrating the signal amplitude in terms of the number of photons emitted by the output resonator, we estimate that the propagating field contains 1 ± 0.15 photons; this is in agreement with our expectation of a small inefficiency in the conversion (Appendix).
A crucial requirement for our interface is that nonclassical states are preserved faithfully in the conversion process. Because the averaged signal vanishes for most states of interest, we compute a probability distribution in phase space. By integrating each measurement record I(t) + iQ(t) in time and histogramming the results, we directly obtain the Husimi Q-function [20, 31] . The measured Q-functions for the vacuum and a coherent state withn = 1 are shown in Fig. 3c . Finite loss in our detection circuitry leads to a smoothing and shrinking of the distribution, the extent of which is determined by the detection efficiency η det [31] . The coherent state is thus not centered at |α = 1|, but is moved closer to the origin. Having established a conversion efficiency of close to unity, the position of the coherent state population in the Q-function is a direct measure of our detection efficiency; assuming no loss in the conversion we obtain η det = 0.43 ± 0.04, consistent with the expected performance of a JPC (Appendix). Although non-classical features are thus blurred by the detector, state-essential signatures are preserved in the raw data; knowledge of the detection efficiency allows us to quantitatively confirm the faithful release of quantum states. We illustrate this using two classes of non-Gaussian oscillator states.
The first class are Fock state superpositions of the form (|0 +|n )/ √ 2, which display an n-fold symmetry in their quasiprobability distributions. For a set of such states we show the Wigner function of the cavity state, measured directly after preparation [32] , and the Q-function of the released field; from comparison it is clear that the two distributions share the same symmetry. For additional clarity, we integrate the Q-function radially to obtain a probability distribution as a function of angle, Pr(φ). In this representation it can be seen that the symmetry is fully preserved; the contrast is as expected, given our detection efficiency.
A second class of states of particular interest for CV quantum information processing are "Schrödinger cat" states of the form |C ± α = N (|α ±|−α ), which are eigenstates of photon number parity. We create and release the even (+) and odd (−) parity coherent-state superpositions |C
with average photon number |α| 2 =n = 2 ( Fig. 3e) . Because in heterodyne detection only the Qfunction is directly accessible, the characteristic coherence fringes are strongly suppressed in the traveling field data; as a result, the distributions appear fairly similar. However, subtracting the marginals clearly reveals a difference, with a magnitude that is consistent with our detection efficiency and a high degree of state preservation.
The characterization of traveling fields is limited by the visibility attainable in our heterodyne detection. In particular, the averaging required for states with larger photon numbers is prohibitive. The data shown in Figs. 3c(d) have been taken with 10 7 (10 6 ) samples per state over the course of about 12 hours. This stability of the experimental setup and the achievable detection efficiency allow us to resolve state-essential features in phase space for states containing up to ∼ 5 photons. This lets us conclude that the release process faithfully and stateindependently converts quantum states containing up to at least that size. Any imperfection in the traveling state, including state preparation or decoherence in the conversion process, can only reduce the contrast of the signatures shown. From this we estimate that the fidelities with the ideal states exceed 90% (Supplementary Material).
The release of the cavity states shown can enable errorcorrectable transmission of quantum information. Because we have temporal control over the pump tones, we can shape the wave packet, which enables capture of emitted fields by a receiving module [18] (Appendix). An inherent challenge for this direct quantum state transmission is that inevitable photon loss in the transmission channel will corrupt the received state. However, by choosing an appropriate encoding, the receiver will be able to detect and correct this error. For example, the states |2 and (|0 + |4 )/ √ 2 are codewords of a binomial code [33] that can readily be sent by our system. Single photon loss in the transmission channel will result in a change of parity, which can be detected and correctd by a receiver.
ENTANGLEMENT BETWEEN STATIONARY AND TRAVELING FIELDS
We next show that temporal control over the pumps allows us to generate entanglement between cavity and traveling modes by partial conversion. We use the large on/off ratio over the release process to convert only a part of the energy stored in the cavity; this is the analogue of a partially reflective beam splitter, and can thus generate entanglement between the reflected (remaining in the cavity) and transmitted field (in the transmission line). We prepare an input state in the cavity and then release half of its energy while recording the output field. This 'half-release' corresponds to a 50:50 beam splitter, for which we expect maximally entangled states. After switching off the conversion process, we immediately perform a single-shot, high-fidelity ( 0.95) measurement on the cavity. The non-classical correlations between recorded field and cavity outcomes measured in different bases are indicative of the generation of entanglement (Fig. 4a) . We demonstrate this using two different state encodings, single photons and cat-states.
Half-releasing the Fock state |1 results in the Bellstate (|1 |0 + |0 |1 )/ √ 2, where the first ket is the state inside the cavity, and the second the traveling state. When we measure the cavity in the number basis and find it to be in the state |0 (|1 ), we expect to find the traveling state in |1 (|0 ). This is revealed with nearideal contrast in the Q-functions from the traveling field, conditioned on cavity outcomes (Fig. 4b , left column). To show non-classicality in the correlations, we measure the cavity also in a rotated basis to probe the states (|0 ± |1 )/ √ 2. Conditioning on the these outcomes, we find that the Q-functions closely resemble those of (|0 ∓ |1 )/ √ 2, consistent with a high-fidelity entangled state. This data allows us to further confirm the presence of entanglement through a simple witness. We estimate a lower bound on fidelity compared with the ideal Bell-state of 0.91 ± 0.02; this clearly exceeds the classical bound of 0.5 and confirms that the half-release generates entanglement (Appendix).
While entanglement with single traveling photons can also be observed with two-level systems [20] , the conversion method presented here can generate entanglement between non-classical multiphoton states. In particular, half-release of a cat state |C
generates the entangled state |α |α + |−α |−α = |C
where we have omitted normalization factors. While such twomode entangled cat states have been created previously in locally coupled oscillators [29] and with itinerant optical photons [34] , our scheme realizes an interface between stationary and flying cats. We demonstrate this "Schrödinger catapult" by half-releasing the cat state |C
. To show non-classical correlations we measure the cavity in the coherent state basis, finding it in either |±α , or in the parity basis, thus finding it in either the even or odd cat state |C ± 1 . The conditioned Qfunctions of the flying field are shown in Fig. 4c . Again, the correlations are consistent with a high-fidelity entangled state. A slight reduction of contrast in the coherent state basis results from state evolution due to the Kerr effect, which reduces the fidelity of the cavity measurement (Appendix).
This entanglement between stationary and traveling . Generating entanglement between stationary and traveling fields. a, We partially release the cavity field by applying the pumps for a reduced amount of time. We condition the recorded field on the outcome of a subsequent measurement of the cavity to obtain correlations. Partial release is analogous to a field impinging on a partially transmitting mirror, where the transmittance t is set by the pump time T . b, Half-release of |1 . Left column: Q-functions conditioned on finding the cavity in either |0 or |1 . Right column: finding the cavity in either |0 + |1 or |0 − |1 . c, Half-release of |C
. Left: conditioned on finding the cavity in either |−α or |+α . Right: conditioned on finding either an even or odd number of photons in the cavity. Lower right: for the parity-conditioned data we show the difference in the Q-marginals. Solid lines: ideal case (perfect entangled state and perfect cavity measurement), taking into account only the detection efficiency in the Q-functions. All data have been taken with g/2π = 164 kHz and 10 6 samples per state and basis.
cats will enable error-correctable distribution of entanglement. Capture of the wave packet emitted by halfrelease enables the creation of remote entanglement between stationary parties. For the cat states used in this work, any photon loss in the transmission channel will corrupt the state because it results in change of parity. However, photon loss becomes detectable when we halfrelease a cat state of the form |α +|iα +|−α +|−iα [35] . Such states are eigenstates of 'superparity' with modulo 4 photons, and even/odd (modulo 2) parity measurements can be used to detect and correct single-photon loss [17] . Thus, measuring and comparing the parity between the remote parties will allow for detection and correction of single-photon loss in the transmission line during remote entanglement generation.
SUMMARY AND OUTLOOK
We have shown the coherent release of quantum states from a microwave cavity memory. This release is enabled by parametric upconversion utilizing the non-linearity of a single Josephson junction. This conversion scheme fulfills our requirements for an interface between stationary and traveling oscillator states in a microwave quantum network: We can dynamically control the conversion rate, releasing cavity states almost 1000 times faster than the intrinsic life time. This conversion rate is stateindependent for states containing up to a few photons, extendable by simple hardware adjustments. The release process is equivalent to a beam splitter interaction, and cavity states are mapped faithfully onto traveling states. This interaction can be controlled precisely and rapidly, enabling the generation of entanglement between cavity and traveling modes.
Our interface can serve as the backbone in a microwave quantum network in which quantum information is stored in cavities. Since the conversion process is controllable in amplitude and phase by the pump tones, it can be used also for capturing traveling states (Appendix). Combining multiple copies of our system will thus allow quantum state transfer and entanglement between remote cavities [18] . The scheme presented supports multidimensional Hilbert spaces, thus providing a route towards error-correctable distribution of quantum information and entanglement. Loss-resilient quantum communication between isolated modules will be crucial for scaling up future quantum information processing devices.
The on-demand generation of arbitrary, traveling mul-tiphoton quantum states shown will enable exciting new opportunities for hybrid quantum systems. For instance, while mechanical oscillators can be highly coherent, it is difficult to create non-classical states by coupling them directly to nonlinear systems. However, the efficient capture of traveling microwave fields has been demonstrated experimentally [36] . Integration with our 'catapult' will thus enable the creation of highly non-classical mechanical states. Mechanical systems can act as transducers with radically different degrees of freedom, such as light in the optical domain [37, 38] . The integration of our system with such a transducer will thus enable the distribution of exotic continuous variable quantum states in heterogeneous networks.
Setup and signals The sample is cooled to T ≈ 15 mK in a dilution refrigerator. A wiring diagram showing how signals are introduced to the device is shown in Figure  S1a . Each mode of the system is addressed by a separate microwave generator acting as a local oscillator (LO); pulses are generated by IQ modulation. Importantly, we generate the pump tones using the same generators used for the (near-)resonant control pulses of the cavity and output mode. Given the conversion Hamiltonian, this guarantees that the signal emitted from the output mode is phase-locked to the output mode LO, which is used for mixing the signal down to low frequencies before digitizing.
Quantum-limited amplification The output signal is processed by a Josephson parametric converter (JPC) operated in amplification mode [30] . The amplifier is configured to provide approximately 25 dB of gain with a bandwidth of approximately 15 MHz and a noise visibility ratio around 6 dB. This allows us to detect signals emitted at the frequency of the output mode with a detection efficiency of ∼ 45 % (details follow).
Sample
Device description The device used to perform this experiment includes a high-Q 3D coaxial stub cavity [16] , transmon qubit, and output resonator within a single package [39] . The package is machined from high-purity (4N) aluminum to allow for long single-photon lifetimes in the cavity. The transmon qubit and output resonator are fabricated on a single sapphire chip that is inserted into a tunnel and positioned in close enough proximity to interact strongly with the 3D cavity ( Figure S1b ). Parameters of each mode, including frequencies and coherence times, are included in Table S1 .
System Hamiltonian The Hamiltonian of the system consisting of the cavity (a), output resonator (b), and transmon (c) is, in the absence of drives, given by [28] 
The flux across the junction is given bŷ
where φ k are magnitudes of the zero-point fluctuations of flux across the junction. Transforming into the rotating frame of all modes and expanding the cosine toφ 4 gives
where we have introduced the cross-Kerr coefficient (or dispersive shift)
l and the self-Kerr coefficient (or anharmonicity) χ kk = −E J φ 4 k /2. Measured mode frequencies and nonlinearities up to this order are listed in Table S1 . Details on how these parameters can be measured can be found, for instance, in refs. [14, 40] .
System preparation and readout
Measurement of the transmon The dispersive coupling between the transmon and output resonator, χ bcb †bĉ †ĉ , allows high-fidelity measurement of the transmon qubit state. Because the frequency of the output depends on the transmon state, the phase of a transmitted signal differs when the transmon is in the ground (|g ) or excited state (|e ). Measuring this phase thus corresponds to a measurement of the transmon state. A 2.5 µs readout pulse with an average ofn ≈ 5 photons allows us to discriminate between the two states with a fidelity > 0.99. In the absence of decay-events of the transmon, this contrast represents the measurement fidelity. However, the effect of transmon T 1 causes measurement outcomes to be incorrectly assigned to the |g state; this reduces the fidelity with which we can assign |g to 0.96.
Measurement of the storage cavity Dispersive coupling between transmon and storage cavity allows readout of the cavity state. We can probe whether the cavity contains n photons by first applying a π-pulse, selective of the transition for the cavity containing n photons, followed by a measurement of the transmon state. The fidelity of the positive readout result (cavity containing n photons) is simply the transmon readout fidelity for |e , ∼ 0.99. The negative result (cavity not containing n photons) is determined by the fidelity for |g and the probability with which the n-photon state has not been mapped sucessfully onto |e ; the combined fidelity for the negative results is about 0.9 and is limited by qubit decoherence.
Feedback cooling In equilibrium we find a finite thermal population of the qubit and cavity; the qubit population in |e is ∼ 0.08 and the cavity has an average number of thermal photons ofn ≈ 0.1. We cool the system through a sequence of QND measurements and selective π-pulses on the transmon [27] . We achieve a qubit population in |e of ∼ 0.02, and a cavity population of < 0.01 before the start of each measurement sequence.
State creation To prepare complex cavity states, we apply pulses at qubit and cavity frequencies that are de- Table S1 . Measured system parameters. See text for explanation. For the cavity and transmon qubit decay times, the uncertainties given are the typical fluctuations observed in the course of a day.
signed with a numerically optimized control technique [27] . This state preparation technique produces the cavity states used in this experiment within 1 µs and with typical fidelities above 95 %. Full driven Hamiltonian Taking into account the pump drives applied to the output and cavity, the full Hamiltonian is
where 1,2 are the drive amplitudes. Moving into a displaced, rotating frame we can rewrite this as [41] 
We have now introduced the rotating field operatorsk = k exp(−iω k t) and the classical displacement amplitudes
Here, we have separated the slowly varying envelope of the displacement, ξ i (t), from its fast oscillating component. The detuning ∆ i is given by the detuning of the drive frequency with respect to the mode that the drive is applied to, i.e., ∆ 1 = ω 1 − ω a and ∆ 2 = ω 2 − ω b . κ i is the damping rate of the mode to which the pump is applied. Conversion Hamiltonian We make the rotating wave approximation (RWA) by expanding the cosine up to orders of φ 4 k and keeping all terms that conserve energy. Besides the terms that are already present in the undriven case, we now find the additional terms
The first two lines in this expression correspond to Stark shifts, for which we can compensate by detuning the drives. The last line is the desired conversion Hamiltonian, where g = χ ab ξ * 1 ξ 2 . δ = ∆ 1 − ∆ 2 denotes a (small) detuning from the conversion process. We have assumed that the pumps are tuned such that the conversion process is close to resonant, and that all other terms are fast-oscillating and vanish within the RWA.
Emitted field Using input-output theory [42] , we can write the coupled equations of motion for the system,
For the Hamiltonian we only consider the conversion term. We have ignored any loss aside from coupling to the transmission line, and we ignore input modesâ in ,b in because they are in the vacuum state during the release. For simplicity, we take g to be real, but it can be shown that the phase of this coupling term is simply mapped onto the output field. These equations can be solved analytically, assuming some initial conditionâ(0):
where we have introduced
We first consider the case δ = 0, i.e., the conversion Hamiltonian is resonant. We are mostly concerned with the case g κ out ; in this regime the coupling results in exponential damping of the cavity, which can be seen by approximatinĝ
where κ = 4g 2 /κ out . We note that this is equivalent to the Purcell (spontaneous emission) rate for a resonant Jaynes-Cummings interaction enabled by the pumps.
Effect of detuning For δ = 0 we can approximate β ≈ γ − 8g 2 /γ. The evolution ofâ is then
Since γ conv is complex, we must evaluate its real part to obtain the linewidth of the conversion resonance. We have
the real part of which is a Lorentzian with full-width half-maximum κ out as a function of detuning. Figure S3a shows the decay of the cavity versus detuning, confirming this expectation.
Beam splitter description The release from the storage cavity into the transmission line mode can also be described by an effective beam splitter interaction, which does not explicitly take the output mode into account. This interaction is described by the unitary transformation
that acts on the cavity and propagating mode. For g κ out , the cavity decays exponentially with a rate κ = 4g 2 /κ out . In that case, the mixing angle θ is given by θ = 2 arccos (exp(−κt/2)) .
For example, a 50:50 beam splitter interaction can then be achieved by a pump duration t = ln 2/κ, corresponding with θ = π/2.
Appendix C: Supplementary methods and analysis
Coupling strength calibration
The conversion rate is given by the product of the dispersive shift between storage and output modes and the pump strength, g = χ ab ξ * 1 ξ 2 . To calibrate this rate, we need to determine the number of pump photons |ξ 1(2) | transmon mode: when applying the pump tone on the storage (output) resonator, the Stark shift is given by δω = χ ac(bc) |ξ 1(2) | 2 . Since χ ac and χ bc can be determined independently, measuring the Stark shift is a calibration for ξ 1 , ξ 2 . For ∆/2π = −30 MHz and −40 MHz we show this calibration in Fig. S2 . We then use this pump calibration to obtain χ ab . Applying a pump tone on the output modeb results in a Stark shift of modeâ with magnitude χ ab |ξ 2 | 2 . Since ξ 2 is known, measuring the Stark shift yields χ ab , and the value of g can then be calculated.
Cavity Q-switch
Detuning When the four-wave mixing process is detuned (as described above), the conversion Hamiltonian becomes
where δ is the detuning from the process. Ignoring Stark shifts, this situation arises if one pump (for example, ξ 1 ) is detuned ∆ from its respective mode resonance (e.g. to ω a + ∆), and the other by ∆ + δ (in our example, ξ 2 is detuned to ω b + ∆ + δ). For g κ out the decay constant of the storage mode is then given by a Lorentzian of width κ out , We measure κ(δ) by fixing ∆ for one of the pumps and sweeping the detuning δ, thus affecting only one pump frequency. At each point we measure the decay of the storage mode and extract κ via a single exponential fit. The data for two different values of g are shown in Fig. S3a .
Expected conversion efficiency
The excellent agreement of the data with a Lorentzian line shape indicates a resonant process. If this process is indeed the predicted conversion, we expect that its damping rate is given by the difference between the maximum of the Lorentzian fit and its offset, κ − κ ofs . κ ofs = κ loss is the damping due to any other losses, intrinsic or pump-induced. Hence, we expect that the inefficiency of the conversion is given by ∼ κ loss /κ. For g/2π 100 kHz we find κ loss /κ between 0.01 and 0.015.
Output mode bandwidth If the condition g κ out is not fulfilled, the decay of the storage mode is no longer exponential and can no longer be described accurately by a single decay rate κ. This can be seen in Fig. S3b , where we show the damping of the storage mode for g/2π = 54 kHz and 207 kHz. At 207 kHz there is a clear deviation between the exact model and the approximation.
State dependence We expect that for larger Fock states |n the damping rate becomes slower: due to the Kerr effect in the storage mode (here, χ aa /2π = 22 kHz) the transition |n + 1 → |n is shifted by nχ aa . The finite bandwidth of the conversion process, κ out , means that for large n the conversion becomes off-resonant, leading to a reduced κ n (Fig. S3c) . For n ≤ 5 this effect is small, with a deviation of κ n from nκ of ≤ 6% (Fig. S3d) . For future experiments it is desirable to improve the stateindependence by reducing the magnitude of the Kerr effect in the storage mode and increasing the bandwidth by a larger κ out .
Cavity evolution during Fock state decay To further ensure that the release is well-described by a stateindependent beam splitter, we prepare the Fock state |m and measure the time-dependent cavity number state populations P (n)(t), for n ≤ m (Fig. S4) . For purely exponential damping of the cavity (i.e., g κ out and κ = 4g 2 /κ out ), we expect
Using a conversion strength that fulfills this condition, g/2π = 54 kHz, we find excellent agreement between the data and the model (allowing no free parameters).
Calibration of traveling signals
To quantitatively analyze the propagating states, we need to determine how recorded signals relate to the original cavity state. This relation is governed by a) the efficiency η conv with which cavity states are converted to the output resonator, and b) the efficiency η det with which fields emitted from the output resonator are recorded by the detector; because the damping rate of the output mode is set by the coupling to the transmission line, we assume that all photons in the output mode are converted to traveling signals. We treat η det as a property of our detection circuitry, whereas η conv impacts the fidelity with which cavity states are launched. In the following we outline how we separate the two quantities by calibration measurements. We further lay out how we compute the probability distribution in phase space that we use to analyze traveling quantum states.
Conversion efficiency
As noted above, the Q-switch data suggests that the conversion efficiency is high. To directly measure this Figure S4 . Cavity evolution during the decay of Fock states. We measure the number state populations P (n) after preparing the Fock state |m . Solid lines: theoretical prediction, based on independent calibration of g. Here, g/2π = 54 kHz.
efficiency, we aim to determine the number of photons contained in the wavepacket emitted while launching a known state from the cavity. To this end we first calibrate the signals recorded by the ADC in terms of photon flux emitted by the output mode, and then use this calibration to determine the number of photons contained in the launched field.
ADC signal calibration We determine the output resonator drive amplitude that generates a steady-state coherent state withn ref = 1 ± 0.09 photons in the output mode via the Stark shift induced on the transmon [43] . This reference drive results in a constant emitted photon flux ofb † Photons emitted during cavity state release To assess the conversion efficiency we launch the cavity state (|0 + |1 )/ √ 2 as the signal, and record the emitted field. For a traveling state of that form b out (t)
In absence of conversion loss, this signal is then related to that of the reference,
where the integral over the signal is performed over the full temporal extent of the wavepacket. From this experiment we find that this signal contains 0.50 ± 0.08 photons for large conversion rates, g/2π 150 kHz. This value is consistent with our observation of small κ loss /κ, from which we expected a conversion efficiency of η conv ≈ 0.98 − 0.99. We note that this measurement of the conversion efficiency is independent of the detector, because both the reference and the signal are subjected to the same detection efficiency. Supported by these observations we will assume in the following analysis that conversion from cavity to output mode is lossless.
Measurement of the Q-function
To assess the efficiency with which we can detect launched signals, we compute the phase space probability distributions of the vacuum and of a small coherent state. This allows us to obtain the correctly scaled Qfunctions of traveling states. Under the assumption that states are converted to the output without loss, we can directly obtain the detection efficiency.
Phase space probability distribution In our experiment we measure in-phase and quadratureÎ(t),Q(t) of the field simultaneously with a phase-preserving amplifier. Integrating this complex signal in time yields measurement records S = I + iQ, which sample a probability distribution in phase space; scaled correctly (see below), this is the Husimi Q-function of the field incident on the detector [31] . We perform this integration shot-by-shot with an envelope function that cancels detuning in the demodulation and optimizes the signal-to-noise ratio,
where S(t) is the measured signal, ω is the remaining detuning after demodulation, and f (t) is chosen to be the envelope of the amplitude of a small coherent state that serves as a reference. In the case g κ out ,
whereê is the "environment" mode (or vacuum port of the beam splitter), Tr e [·] is the trace over that mode, and the beam splitter operation is given by
The Q-function measured in the experiment is that of ρ bout , and is related to that of ρ bout by a shrinking of the I and Q axes by a factor η 1/2 det and a smoothing with a Gaussian filter. In this picture, the Q-function of the vacuum stays unmodified (a Gaussian with standard deviation 1, located at the origin); that of a coherent state |α = 1 remains a Gaussian with unmodified width (standard deviation equal to 1), but moved closer towards the origin, α → η 1/2 α. Calibration of IQ axes We use these observations to scale the raw data correctly. The raw signal (a complex voltage) is proportional to the desired measurement records, V (t) ∝ S(t), where the prefactor depends on the total gain/attenuation in the detection chain, and the integration envelope chosen. We determine this prefactor by measuring the vacuum: we integrate the signal in time and bin the results to obtain a probability distribution in phase space. We find a Gaussian centered at the origin, and by setting its width equal to 1 we obtain a scaling factor that we apply uniformly to all states to obtain their correctly scaled Q-functions. The Q-function for the vacuum is shown in Fig. 3c in the main text.
Detection efficiency
We can evaluate the detection efficiency η det from the Q-function of a known reference state. Obtaining the correctly scaled Q-function of a coherent state with known amplitude (we typically choose α 0 = 1) we find a Gaussian of width 1. By determining the location α in phase space via a 2D Gaussian fit we obtain directly the detection efficiency, η det = (|α|/|α 0 |) 2 . The measured Qfunction for a coherent state with α 0 = 1 is shown in Fig. 3c of the main text. Because of drifts we measure the detection efficiency interleaved with the release of each state. We find, on average, η det = 0.43 ± 0.04. Knowledge of this value allows us to quantitatively analyze the preservation of quantum states during the state release.
Analysis of traveling quantum states
Preservation of state information in the Q-function We launch states with a certain symmetry in phase space and compare the preservation of that symmetry in the Q-function to the ideal case, where only detection efficiency is taken into account. For instance, states of the form |0 + |n have an n-fold symmetry in angular the direction. Importantly, decoherence from photon loss or dephasing beyond the detection efficiency will result in a reduction of contrast. A direct measure of this contrast is to integrate the Q-function radially to obtain the probability density function as a function of polar angle, Pr(φ). As a representative example, we show in detail the Q-functions of |0 + |1 and |0 + |4 in Fig. S5 . Based on this type of analysis, we can estimate fidelities to the ideal states exceeding 90%. The precision of this estimate is limited by our heterodyne detection. We note that this number also depends to ± 10% on our assumption that loss is mainly part of the detector as described above.
Tomography It has been shown previously that it is possible to reconstruct the density matrix of a propagating state based on the Q-function, even in the presence of substantial loss [20] . We find, however, that the maximum-likelihood methods used to perform this reconstruction introduce large uncertainties in our case. The large Hilbert spaces required for the numerical procedures, together with the available sample sizes, do not allow us to extract information with good precision. We have therefore limited our analysis to the demonstration that essential features in the data are preserved as predicted by theory. The methods shown in this experiment can also be used to capture traveling states (see below); we anticipate that in future experiments highly efficient measurements on traveling fields will be enabled by capturing the signal in a cavity memory and then performing tomography on the cavity state. This will obviate the need for a reconstruction based on the Q-function.
Entanglement generation by partial conversion
Interaction between cavity and traveling mode The interaction between the cavity and the transmission line can be described by an effective beam splitter interaction, where the conversion strength and time determine the coupling θ between the modes, see Eq. (S12). In particular, releasing half the energy stored in the cavity initially corresponds to a '50:50 beam splitter' with θ = π/2. The pumping time required to realize this situation can be calibrated precisely with the measurement shown in Fig. S4 .
Correlation measurements In each encoding we perform the following experimental sequence. We first release half the energy of an input state, and record the emitted field during the conversion. Immediately after switching off the pumps, we map the cavity state we wish to probe onto the first excited state of the transmon; we then perform a single-shot, high-fidelity measurement of the transmon state. This mapping and readout thus allow us measure the cavity in any basis of choice. The typical combined mapping and readout fidelity is 0.95; we do not correct for finite readout fidelity in any of the data. On the bottom, radial integral to obtain the angular probability density function. Dark solid lines: ideal case. As guide to the eye, the light gray lines indicate the expected reduction in contrast if the fidelity was 0.9 and 0.8, respectively (computed by reducing the coherences in the ideal density matrix). Small asymmetries in Pr(φ), such as the modulation at φ ≈ π/2 in the |0 + |4 case, can be explained by state preparation errors.
Half-conversion of a single photon Fock state
Measurement protocol We start in the state |1 |0 ; the first ket denotes the state of the cavity, and the second that of the traveling mode. Half-conversion with the operation (S11) maps this state onto the Bell state
where we have defined |± = (|0 ± |1 )/ √ 2. To measure in the number basis, we apply a transmon π-pulse that is selective on either |0 or |1 and then measure in a single shot if the transmon is in the excited state; due to the asymmetry of the readout errors we discard the outcomes in which the transmon is found in the ground state (∼ 50 % of the cases). To measure in the |+ , |− basis, we first map |+ , |− onto |0 , |1 by an optimized control pulse [27] , followed by a measurement in the number basis.
Lower bound on the Bell state fidelity Using a simple model of the detector we can place a lower bound on the fidelity of the entangled state. For a two-qubit Bell state of the form (S9) a strict lower bound on the entangled state fidelity is given by [44] 
where ρ is the density matrix of the joint state in the number basis, andρ is the density matrix in the |+ , |− basis. This lower bound can be evaluated with the data shown in Fig. 4b in the main text. The diagonal density matrix elements in the above expression can be found from the probabilities with which we find the cavity and propagating modes in a particular state, i.e., Here, P a (i) is the probability to find the cavity in state |i in a measurement in the |i , |ī basis, and P b (j|i a ) is the conditional probability to find the propagating state in |j after having found the cavity in |i . Extraction of the lower bound from the field data The probabilities P a (·) follow directly from the statistics of the cavity measurements, which leaves us with the task to find the conditional probabilities for the traveling state. We compute these by fitting the measured marginals Pr(I) (Fig. S6) . With known detection efficiency we can compute the ideal marginals, D 0,1 in the number basis, and D +,− in the rotated basis. Assuming our detector is linear, we can then fit the conditioned field data in the |i , |ī basis to αD i + (1 − α)Dī, with 0 ≤ α ≤ 1. The conditional probabilities are then determined by the single fit parameter, P b (i|i a ) = α. Assuming again that the conversion is lossless and we can reliably determine the detection efficency, we find a lower bound for the entangled state fidelity of F ≥ 0.91 ± 0.02, uncorrected for any inefficiency in the preparation or measurement of the cavity state.
Half-conversion of a two-photon Fock state
The entangled states arising from half-releasing Fock states larger than |1 are not maximally entangled states in the number basis, but still display non-classical correlations. We illustrate this by half-releasing the Fock-state . Conditioned Q-functions after half-release of |2 . Left column: Q-functions conditioned on finding in the cavity in either |0 , |1 , or |2 ; for these case we expect the field to be in either |2 , |1 , or |0 , respectively. Right column: conditioned on finding the cavity in |+ 2 , |1 , or |− a . Solid lines in the marginals: Ideal case, only detection efficiency for the traveling field taken into account.
|2 , which is mapped onto
where now |± 2 = (|0 ± |2 )/ √ 2. To reveal correlations we can thus probe the states |0 , |1 , |2 (by number-selective π-pulses and transmon measurement), and |+ 2 , |1 , |− 2 (mapping onto |0 , |1 , |2 by a single combined transmon/cavity pulse, followed by numberselective π-pulses) (Fig. S7) .
Half-conversion of a cat state
Protocol Because a coherent state | √ 2α |0 is mapped onto |α |α , we can readily see that the cat state |C .
The state now appears fully mixed due to the entanglement with the traveling mode; the additional rotation with respect to the case of (a) comes from the Stark shifts induced by the pumps. Mapping onto the transmon is achieved by displacing one of the 'blobs' to the vacuum followed by mapping the vacuum onto the transmon excited state. This is indicated by the circle and arrow; the radius of the circle is 1/2, which is the standard deviation of a coherent state in the Wigner function. It can readily be seen that the smearing leads to a small imperfection in the mapping because the blob will not be confined to the vacuum after the displacement.
Here, N α,c are normalization factors, and we use the notation |β α to denote a coherent state with complex amplitude β. We expect correlations in the coherent state phase and photon number parity bases, because the cat states |C ± 1 are eigenstates of even (+) and odd (−) parity, respectively. To measure in the coherent state basis, we displace the cavity state by α = 1, followed by a transmon π-pulse that is selective on the vacuum; |−1 α is thus mapped onto the the transmon excited state, while |1 α is mapped onto the ground state. Subsequent transmon measurement thus gives the result in the |α , |ᾱ basis. To measure parity we apply a series of π-pulses that are selective on the even photon numbers on the transmon; this maps even parity onto the excited state, and odd parity onto the ground state.
We note that the states |α = ±1 have a non-zero overlap (∼ 4 %). This means that the coherent state basis is not perfectly orthogonal for the cat state |C ± 1 . This overlap explains why the conditioned Q-functions after measuring the cavity in the |α , |ᾱ basis are slightly asymmetric. This also prevents us from using the simple method we have employed to bound the entangled state fidelity in the single Fock-state case.
Cavity evolution due to the Kerr-effect The singlephoton Kerr-effect in the cavity [14, 45] is described by the Hamiltonian
This nonlinearity causes a unitary evolution in which each photon number acquires phase at a rate nχ aa . On long time scales the state undergoes cyclic evolution at revival times 2π/χ aa . On shorter times, the evolution leads to 'smearing' of the phase information, with a phase collapse time that depends on the mean number of photons, n, in the cavity, T collapse = π/(2 √n χ aa ). In our system, χ aa = 2π × 22 kHz, and thus T collapse ≈n −1/2 × 11.4 µs. Reduction of measurement contrast due to Kerr evolution The total time in between creating the cat state and mapping the coherent state onto the transmon for measurement in the |±α basis is 3 µs. The Kerr evolution during this time leads to slight smearing of the populations at α = ±1, resulting in an imperfection of the mapping onto the transmon (Fig. S8a,b) . This imperfection is asymmetric: the smearing leads to a reduced probability of the transmon being flipped conditional on the vacuum, but a finding the transmon excited is more likely to give the correct outcome than finding it in the ground state. This imperfection explains the deviation of the data from the ideal distribution shown in Fig. 4c of the main text. The Kerr effect does not alter photon number parity, and the correlations in that basis are closer to the ideal case. Undesired Kerr evolution can be suppressed in future experiments by reducing the magnitude of the Kerr effect and by increasing the bandwidth of the conversion process.
temporal shaping of the conversion term g(t), while phase control allows for dynamic frequency tuning. This is necessary because stark shifts are induced on all modes by the drive tones. To keep the mixing process resonant, the drives must be frequency compensated. We numerically solve the equations of motion for the drives ξ 1,2 to generate a specified output wavepacketb out (t). Figure S9 shows an example of a shaped wavepacket, which demonstrates the ability to generate wavepackets of a specified shape in the presence of dynamic frequency shifts. Because emission is the time-reverse of capture, this control directly translates to the ability to capture shaped wavepackets.
